The intermetallic zinc compounds CaAuZn, SrPdZn, SrPtZn, SrAuZn, BaPd 1.57 Zn 3.43 , and BaAu 1.41 Zn 3.59 were synthesized from the elements in sealed niobium ampoules in an induction furnace. The equiatomic compounds crystallize with the orthorhombic TiNiSi-type structure, space group Pnma. Single-crystal X-ray data exhibited small degrees of Au/Zn mixing within the three-dimensional [AuZn] (2), b = 537.47(2), c = 691.22(4) pm, wR = 0.0441, 931 F 2 values, 37 refined variables for BaAu 1.41 Zn 3.59 . The transition metal and zinc atoms form a complex three-dimensional network of (T , Zn) 4 tetrahedra which are condensed via common corners and T /Zn-T /Zn bonds. Large cavities within these networks are filled by the barium atoms which have coordination number 19, i. e. Ba@(T , Zn) 17 Ba 2 .
Introduction
In the structural chemistry of intermetallic compounds magnesium plays an interesting role in that it does not behave like the heavier alkaline earth elements; a situation similar to beryllium. In ternary systems RE-T -Mg and AE-T -Mg (RE = rare earth element; AE = alkaline earth element) one observes incorporation of the magnesium atoms into the two-or three-dimensional [T x Mg y ] δ − polyanionic networks, emphasizing the covalent nature of magnesium within these compounds [1, 2] . Especially the alkaline earth compounds show clear segregation of magnesium from the heavier congeners. Recent examples are the compounds SrPdMg 2 [3] with a lonsdaleite-related magnesium substructure, CaPdMg with a three-dimensional [PdMg] δ − polyanionic network [4] and Ca 4 Ag 0.948 Mg with isolated Mg 4 tetrahedra [5] . Cadmium shows very similar crystal chemical behavior, and meanwhile many isotypic compounds have been reported [6] .
Keeping the remarkable magnesium and cadmium substructures especially in the calcium, strontium and barium compounds in mind, we started further investigations with zinc. So far only few examples are known, i. e. the solid solution BaAu x Zn 13−x with NaZn 13 superstructure variants [7] , CaNi 2 Zn 3 with an ordered CaCu 5 structure, CaAgZn with the KHg 2 -type structure [8] , and the TiNiSi-type CaPd 0.85 Zn 1.15 , complemented by the complex structures of Ca 21 Ni 2 Zn 36 and Ca 6 Pt 3 Zn 5 [9] , CaAu 4 Zn 2 with zinc chains [10] , and Sr 2 Au 6 Zn 3 with Zn 3 triangles [11] .
In continuation of the phase-analytical work we have now obtained the new zinc compounds CaAuZn, SrPdZn, SrPtZn, and SrAuZn with TiNiSi type, as well as BaPd 1.57 Zn 3.43 and BaAu 1.41 Zn 3.59 with ordered LT-SrZn 5 type. The synthesis and crystal chemical data of these phases are reported herein.
Experimental

Synthesis
Starting materials for the preparation of the AETZn (AE = Ca, Sr; T = Pd, Pt, Au) and BaT 2−x Zn 3+x samples were calcium rods (Alfa Aesar, 99.5 %), strontium rods (Johnson Matthey, > 99.9 %), barium rods (Alfa Aesar, > 99 %), snips of a palladium plate (Allgussa AG, 99.9 %), platinum sponge (Degussa-Hüls, > 99.9 %), gold ingots (Heraeus, > 99.9 %), and zinc granules (Merck, > 99.9 %). Suitable pieces of the alkaline earth metals were cleaned from surface impurities under dry paraffin oil, washed with cyclohexane and kept in Schlenk tubes under argon prior to the reactions. The AETZn compounds were prepared by weighing the elements in the ideal equiatomic ratios and arcwelding them [12] in niobium ampoules with reduced argon pressure (purified over titanium sponge (900 K), silica gel and molecular sieves) of ca. 700 mbar. The sealed tubes were then placed inside evacuated silica ampoules and reacted in resistance furnaces. They were heated to 1300 K within two hours, kept at that temperature for another two hours and then slowly cooled to 950 K within ten hours, followed by 96 h of annealing. The resulting cast samples exhibit silvery luster while ground powders appear light grey.
Single crystals of BaAu 1.41 Zn 3.59 and BaPd 1.57 Zn 3.43 were first obtained when searching for equiatomic barium analogs of SrAuZn and SrPdZn. Subsequently bulk samples with starting compositions Ba : 1.6Pd : 3.4Zn and Ba : 1.4Au : 3.6Zn were weighted in the ideal stoichiometric ratios and arc-welded in niobium ampoules (vide supra). They were then placed in a water-cooled sample chamber of an induction furnace [13] (Typ TIG 2.5/300, Hüttinger Elektronik, Freiburg, Germany) and slowly heated to 1400 K under flowing argon. After ten minutes the temperature was slowly reduced to 800 K within 30 minutes, and the samples were annealed for 4 h. The polycrystalline samples exhibit silvery luster, and ground powders are medium grey. No reaction with the container material was observed for any of the synthesized compounds, but they show slow decomposition in air over months. 
EDX data
The single crystals selected for intensity data collection on the diffractometers and the bulk samples were analyzed using a Zeiss EVO ® MA10 scanning electron microscope with CaF 2 , BaF 2 , SrF 2 , Pd, Pt, Au, and Zn as standards for the semiquantitative EDX analysis. No impurity elements heavier than Na (detection limit of the instrument) were observed. Especially no contaminations with the container material niobium were evident. The irregular surface of the samples (conchoidal fracture) hampered quantitative analyses.
X-Ray diffraction
Guinier powder patterns (Fujifilm image plate system, BAS-1800) were recorded for all polycrystalline samples using CuKα 1 radiation and α-quartz (a = 491.30, c = 540.46 pm) as an internal standard. The orthorhombic lattice parameters (Table 1) were obtained from least-squares refinements. Correct indexing of the patterns was ensured by intensity calculations [14] . The powder lattice parameters showed reasonable agreement with the single crystal data (Tables 1 and 2 ). The deviations observed for the barium compounds are a consequence of the homogeneity range.
Irregularly shaped crystals were obtained by mechanical fragmentation of the ingots. They were glued to quartz fibers using beeswax, immersed in superglue for hydrolysis/oxidation protection and investigated by Laue photographs on a Buerger camera (white molybdenum radiation, Fujifilm image plate technique, BAS-1800) in order to check their quality for intensity data collection. The CaAu 1.02 Zn 0.98 crystal was measured at room temperature by use of a Stoe StadiVari (Mo microfocus source, Pilatus 100 K Detector) while the intensity data sets for SrAu 1 mode). Spherical (Stoe StadiVari) and numerical (Stoe IPDS-II) absorption corrections were applied to all data sets. Details of the data collections and the structure refinements are listed in Table 2 .
Structure refinements
Analyses of the data sets for CaAu 1 [9] and related equiatomic magnesium and cadmium compounds [2, 6, 17, 18] revealed small degrees of T -Zn, T -Mg, and T -Cd mixing, the gold and zinc occupancy parameters of both crystals were refined in separate series of least-squares cycles. These refinements revealed only a small degree of gold on the zinc site of CaAu 1.02 Zn 0.98 , while both sites showed mixed occupancy in SrAu 1.03 Zn 0.97 . In the final cycles these occupancies were refined as least-squares variables.
The initial atomic parameters for the two barium compounds were deduced using the charge-flipping algorithm of SUPERFLIP [19] , and again the structures were refined on F 2 with anisotropic displacement parameters with JANA2006. The structure solution revealed the Pearson symbol oP24 with the Wyckoff sequence dc 4 . Inspection of the Pearson data base [20] revealed isotypism with the low-temperature (LT) modification of SrZn 5 [21, 22] . The setting of LTSrZn 5 [22] was then used for the subsequent cycles, and the respective Pd/Zn and Au/Zn mixed occupancies were refined as least-squares variables, leading to the compositions listed in ity ranges due to transition metal-zinc mixing. The structures are derived from binary alkaline earth-zinc compounds through ordered occupancies on different Wyckoff sites.
Similar to CaPd 0.85 Zn 1.15 [8] , also CaAuZn, SrPdZn, SrPtZn and SrAuZn derive from KHg 2 -type CaZn 2 [23] and SrZn 2 [24] . Exemplarily we discuss the CaAuZn structure herein. The difference in size between gold and zinc (the covalent radii [25] are 134 and 125 pm, respectively) lead to a distinct distortion of the zinc substructure. This leads to a decentering of the body-centered lattice of the KHg 2 type (space group Imma), and CaAu 1.02 Zn 0.98 and SrAu 1.03 Zn 0.97 adopt the TiNiSi-type structure, space group Pnma (klassengleiche subgroup of Imma) (Fig. 1) .
The lattice parameters of the alkaline earth-based compounds are listed in Table 1 along with the isotypic intermetallics based on europium [15] and ytterbium [26] . In their [Xe]4 f 7 and [Xe]4 f 14 configuration Eu 2+ and Yb 2+ have radii comparable to those of Sr 2+ and Ca 2+ . From Table 1 it is evident that the cell volumes increase from the ytterbium to the strontium compounds. The by far smallest cell volume in this series occurs for YbPtZn [26] . This is caused by the presence of the smaller trivalent ytterbium atoms which was evident from the paramagnetic behavior along with magnetic ordering below 1.35 K. The TiNiSi-type structure shows large flexibility for the zinc compounds reported herein. While one observes an almost monotonic increase of the a and b parameters in the series of palladium, platinum and gold compounds in going from the ytterbium to the strontium member, the c parameter shows a minimum for the calcium compounds. In this way the structure is adjusted to the individual bond strength just by variation of the lattice parameters. The positional parameters show no pronounced variations (Table 3 and [15] ).
The near-neighbor coordinations are shown in Fig. 2 , viewed approximately along the b axis. These drawings nicely show the relationship with the aristotype AlB 2 . The gold and zinc atoms build up corrugated layers of ordered Au 3 Zn 3 hexagons with AuZn distances ranging from 265 to 277 pm, slightly longer than the sum of the covalent radii of 259 pm for Au + Zn [25] . The different degrees of puckering result in different Au-Zn-Au angles within the Au 2 Zn 2 rhombs. The latter ones are formed as a result of the inter-layer Au-Zn bonding. These AuZn distances of 274 -294 pm are significantly longer than the intra-layer Au-Zn distances. Within the Au 2 Zn 2 rhombs, the gold atoms as the most electronegative components show maximal separation. This is a general trend in TiNiSi-related structures [27, 28] .
A view of the CaAuZn structure approximately along the b axis is presented in Fig. 1 . Due to the strong puckering of the honeycomb network, the gold and zinc atoms both show strongly distorted tetrahedral AuZn 4/4 , respectively ZnAu 4/4 coordination. The calcium atoms bind to the [AuZn] network via the gold atoms. The three closest gold neighbors are at Ca-Au distances in the range of 307 to 313 pm, similar to the structures of Ca 3 Au 3 In (300 -315 pm) [29] , CaAu 4 Cd 2 (306 pm) [30] and CaAu 4 Zn 2 (295 pm) [10] . Keeping the course of the electronegativities in mind, one can ascribe auride character to both CaAuZn and SrAuZn. Nevertheless we keep the element sequence in the formulae for better comparison with the isotypic compounds. For further crystal chemical details on TiNiSi-type intermetallics we refer to a review article [31] .
The ternary compounds BaPd 1.57 Zn 3.43 and Ba Au 1.41 Zn 3.59 are also derived from a binary structure type. They can be considered as ordering variants of the LT-SrZn 5 type [21, 22] . While all four zinc sites show mixed occupancy in the palladium compound, only two sites exhibit Au/Zn mixing in BaAu 1.41 Zn 3.59 (Table 3) . Fully ordered variants have recently been observed for the gallides RbAu 3 Ga 2 and CsAu 3 Ga 2 [32] . As an example for the zinc compounds we discuss the BaAu 1.41 Zn 3.59 structure herein. Binary BaZn 5 crystallizes with its own structure type (space group Cmcm) and shows no dimorphism. Addition of palladium or gold leads to a switch in structure type towards LTSrZn 5 . The only ternary ordered variant for the BaZn 5 type is KAu 3 Ga 2 [33] . The crystal-chemical relationship between the BaZn 5 and LT-SrZn 5 structures is discussed in detail in [21, 22] .
A view of the BaAu 1.41 Zn 3.59 structure approximately along the b axis is presented in Fig. 1 (the two mixed-occupied sites were drawn as pure gold sites). Similar to the CaAuZn structure discussed above, we observe the shortest interatomic distances between the gold and zinc atoms. The Au-Zn distances range from 261 to 298 pm, a slightly broader range than observed for CaAuZn. Again, the gold and zinc atoms build up a three-dimensional network which is composed of (Au/Zn) 4 tetrahedra which are condensed via two common corners, and further via Au-Zn bonds. This network leaves large cavities which are filled by the barium atoms with a coordination of Ba@(Au, Zn) 17 Ba 2 . The triangular faces of this coordination polyhedron derive from the (Au/Zn) 4 tetrahedra. The shortest Ba-Ba distance between two adjacent barium atoms is 399 pm (an edge of each Ba@(Au, Zn) 17 Ba 2 polyhedron), somewhat shorter than the Ba-Ba distance of 435 pm for the eight nearest neighbors in bcc barium [34] . However, in view of the strongly differing Pauling electronegativities (0.89 for Ba, 2.54 for Au, 1.65 for Zn), one can assume a highly ionic character (and thus smaller size) of barium, and the interactions may not be considered as bonding. A similar situation occurs in many ternary lithium-based intermetallics [35, 36] .
Besides substantial Au-Zn bonding one also observes a small range of Zn-Zn distances (268 -271 pm) within the [Au 1.41 Zn 3.59 ] network. These ZnZn distances compare well with the shorter ones in hcp zinc (6 × 266 and 6 × 291 pm) [34] . Furthermore the Au4/Zn4-Au4/Zn4 distance of 302 pm is indicative of weak Au-Au bonding in those domains were only gold atoms occupy this position.
In summary, the new compounds reported herein mean a significant extension of the family of alkaline earth-transition metal-zinc intermetallics. Includ-ing the few examples mentioned in the introduction, one can expect many more phases in the respective ternary systems, also including the other not yet tested electron-rich transition metals. More detailed phaseanalytical studies are in progress.
